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Besides screening-current-induced magnetic fields (SCIF), the shielding effect in high-Tc coated conductors also has an
strong influence on its stress/strain distribution in a coil winding, especially during high-field operations. To demon-
strate this phenomenon, a special experimental setup was designed. With an LTS background magnet and a small
HTS insert coil, we were able to carry out direct observations on the hoop strains of a 10-mm wide REBCO sample.
Measured data was compared against numerical solutions solved by electromagnetic models based on T -A formulation
and homogeneous mechanical models, showing good agreements. An analytical expression was proposed to estimate
the maximum radial Lorentz force considering the shielding effect. Using the developed numerical models, we further
studied the potential effects of two of the mostly investigated methods, which were formerly introduced to reduce SCIF,
including multi-filamentary conductors and current sweep reversal (CSR) approach.
REBCO (REBa2Cu3Ox) coated conductors, known as
second-generation high temperature superconductors (2G
HTS), are promising candidates for future high-field
magnets1. Thanks to advancements in material design and
manufacture, higher critical current, better in-field perfor-
mance, and mechanical strength are being achieved2,3. Con-
sidering technical applicability and cost efficiency, the hybrid
solution utilizing HTS magnets as insert field boosters is fa-
vored by a lot of researchers4. Design and experiments on
H800, an HTS insert magnet for 1.3 GHz NMR project at
MIT, are underway5. Upon achieving center field of 27 T in
an LTS-HTS system, researchers at Institute of Electrical En-
gineering (IEE,CAS) launched a new project targeting a 30-T
superconducting magnet for quantum oscillation application6.
At the National High Magnetic Field Laboratory (NHMFL),
all superconducting user-magnet with a cold bore size of 34
mm reached the landmark full field of 32 T7.
The influence of shielding currents on the magnetic fields
of REBCO magnets is wildly recognized and studied8,9. It
is confirmed by both experimental and numerical studies that
the time drift and field distortion brought up by the screening-
current-induced magnetic fields (SCIF) deteriorate the overall
field quality10,11. Several approaches including filamentation
of REBCO tapes and current sweep reversal have been pro-
posed and tested to minimize the negative impacts12,13.
Recently, as is indicated by some studies, when taking the
screening effect into account, the non-uniformly distributed
currents in REBCO tapes may have a significant impact on
the stress and strain distribution5,14, despite its high tolerance
for tensile stress15. In particular, in the pioneer experiment
reaching 45.5-T with 14.4-T HTS insert, the one-side wrinkle
pattern demonstrated in REBCO tapes also suggests the influ-
ence of screening currents16. But till now, validation experi-
ments conducted in controlled environments are still missing.
To demonstrate this phenomenon, we designed an experi-
ment with simplified structures as illustrated in Fig. 1. A sin-
gle turn of REBCO tape with a width of 10 mm, provided by
Shanghai Superconductor, was prepared to serve as the test
FIG. 1. (a) Experimental setup for in-field strain test. A small HTS
coil was co-axially assembled with the sample REBCO tape of 10-
mm width, providing dynamic radial field. They were then inserted
into an LTS magnet, generating stable parallel field for the sample.
(b) Sensors were arranged and numbered a to d from left to right-
hand side. Here s and h directions are not plotted in scale.
sample. We attached 4 low-temperature strain gauges (effec-
tive width of 1 mm) in total, arranged in an oblique line as
shown in Fig. 1(b). Two ends of the sample were welded to the
copper terminals on an arc-shaped sample holder with a radius
of 17 mm. The sample holder was made of G10, which has a
much larger coefficient of thermal contraction comparing to
REBCO tape, providing reasonable space for the contraction
of the sample while maintaining the structure. A small HTS
coil, with inner/outer diameter and winding height of 14 mm,
34 mm and 52 mm, was coaxially aligned to generate the ra-
dial fields for the test sample. This whole assembly was then
inserted into a low-temperature superconducting magnet with
a bore size of 70 mm, providing up to 9.0-T parallel field at
the tape surface to magnify the strain response.
With this arrangement, the tested sample was staged in an
environment similar to the outermost turn located on the ax-
ially outer side of a solenoid coil winding, whereas no trans-
port current was applied. According to the following classic
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2FIG. 2. (a) Measured and calculated hoop strains from strain gauge
SG a - SG d, plotted against their axial position in h direction as
defined in Fig. 1. Grid width of SG d was marked for reference. (b)
Radial external field profile at sample surface. (c) Calculated current
distribution.
formula, which is generally used to estimate the hoop stress
for high-field magnet design,
σ = BzJϕr , (1)
where Bz is the axial magnetic field for a solenoid coil, Jϕ is
the averaged current density, and r is the radius. Under the
assumption of uniform current distribution, hoop stress in this
test case should be zero. While, our experiments showed that
as the coil was energized, tensile and compressive hoop strains
were induced to the sample accordingly (see Fig. 2(a)).
In order to understand its mechanism, numerical models
were developed. For electromagnetic fields, we adopted the
axisymmetric T -A formulation17,18. The governing equations
for the axially aligned superconducting sheet with thin-strip
approximation is
d
dz
Eϕ
(
dT
dz
)
=−∂Br
∂ t
, (2)
where the state variable T is the current vector potential, J is
the current density and E is the electrical field. The magnetic
field, B then could be incorperated by using A formulation
embeded in commercial FEM software. The virtual thickness
of the superconducting layer is set to be 1 µm. The super-
conducting property is modeled with E-J power law with the
TABLE I. Material properties used in mechanical models.19,20
Young’s Poisson’s
Material Thickness Modulus Ratio
REBCO 1µm 157 GPa 0.3
Copper 22µm 89 GPa 0.34
Hastelloy 50µm 228 GPa 0.307
n-index set as 16, and anisotropic Kim model fitted by exper-
imental data provided by the manufacturer, where Jc0, B0, k
and α are 5.3×1011 A/m2, 0.59 T, 9.1×10−3 and 0.60, re-
spectively.
Then radial Lorentz fasorce profiles are extracted and ap-
plied to the axisymmetric elastic model, expressed as
fr = JϕBz , fz =−JϕBr , (3)
where Br and Bz is the radial and axial magnetic field. Here,
the sample is simplied and modeled as four layers with their
mechanical properties listed in Tab. I. In consistence with
measured hoop strain, thermal contractions are excluded.
The measured and calculated hoop strains when HTS coil
was energized with transport currents of 75 A to 175 A were
plotted in Fig. 2(a). Reasonable agreements could be ob-
tained. On the axially outer side, tensile hoop strain up to
+2800 microstrains was observed at sensor d with transport
current of 175 A. Contrarily, compressive strains were mea-
sured on the opposite side. While near the center, readings at
strain gauge b showed minimal changes.
For comparison, radial external field at the sample surface
and numerically simulated current distribution are shown in
Fig. 2(b) and (c). When subjected to the radial fields gener-
ated by the HTS coil, shielding currents were induced in the
test sample, in opposite directions near the axially upper and
lower side. The frontier of the critical region moved towards
the center as the perpendicular fields increased. With the axial
field predominately provided by the LTS background magnet,
the radial Lorentz force, which contributed the most to the de-
formation of the sample, presented similar pattern to that of
current distribution profile. Hence, along the axially outer rim
of the sample, where radially outward Lorentz forces were
expected, tensile deformation enlarged with increased exter-
nal radial fields. While on the opposite side, it showed hoop
strains in contraction accordingly.
Without extra reinforcement techniques such as
overbanding21, Lorentz force in radially outward direc-
tion could cause most threat to the outer turns in a solenoid
coil winding. Based on previous models and analyses, we
propose the following analytical expression to estimate this
component of Lorentz force considering screening current
effect,
fr ≈ Jc(Br,Bz)Bz , (4)
where Jc(Br,Bz) is the field dependent critical current profile
of the tape. The axial field Bz is composed of B0, which is
contributed by background field magnet, and B∗, which was
generated by the insert coil with uniform current distribution
3FIG. 3. Radial Lorentz force calculated with n equals to 16, 31, 51
and 101 when the HTS coil was energized with transport current of
50A, 100A and 200A. Estimated values of maximum radial Lorentz
force are plotted as well.
assumption and could be obtain by simple static models. In
HTS insert magnet design, at the outer turns of a coil wind-
ing where the axial fields are dominated by the background
magnet, Bz could be further replaced with B0.
This could be confirmed by theoretical models. Fig. 3
shows the radial Lorentz force profiles as n is set to be 16, 31,
51 and 101, with the upper bound predicted by the proposed
Eq. 4. By taking n-index in E-J power law to an extreme, the
solution conforms to that of the critical-state model, with the
maximum current density approaching critical current density
Jc. These calculations also indicate that, practically, by low-
ering the value of n, the maximum radial Lorentz force could
be reduced, as suggested in Ref. 14.
From Eq. 4, the following conclusion could also be drawn.
Although higher critical current density generally implies
larger operation margin for current-carrying ability and ther-
mal stability, it could lead to higher radial Lorentz force, lim-
iting its tensile stress margin instead.
Multi-filamentary conductors and current sweep reversal
(CSR) are two of the most wildly tested approaches to elim-
inate the SCIF in REBCO magnets13,22. Here we also inves-
tigated their effects on the stress and strain distribution using
the numerical models we developed. For multi-filamentary
REBCO conductors, we modelled samples with 5 and 10 fil-
aments at transport current of 100 A and 200 A for HTS coil,
while other parameters were consistent with previous models.
As shown in Fig. 4, by constraining shielding effect within fil-
FIG. 4. Calculated current density and hoop strain for samples with
1, 5 and 10 filaments, with transport current of 100 A and 200 A for
HTS coil.
aments, electromagnetic forces were distributed equivalently.
The tensile hoop strains were effectively mitigated. Specifi-
cally, at 200 A, the maximum tensile hoop strain was reduced
by factor of 0.51 and 0.77 for 5 and 10 filaments, respectively.
But it should also be noted that this type of conductors are
generally more prone to mechanical defects introduced dur-
ing the striation process such as mechanical cutting and laser
scribing23.
For the method of current sweep reversal, we examined the
cases of single reverse cycle with the overshooting factors of
10%, 20% and 30%. Target operating current for HTS coil
was set at 150 A. Calculated normalized current distribution
profiles and hoop strains were summaried in Fig. 5. By over-
shooting and reverse process, screening currents along sam-
ple edges were reversed, and hoop strains at the side pevi-
ously in tension (right-hand side in Fig. 5) could be lowered
down. But with even higher overshooting factor, the opposite
rim, which was in compression during normal loading pro-
cess, could present tensile hoop strain in reverse.
In summary, we experimentally demonstrated the influence
of screening current effect on the strain/stress distribution
in REBCO coil winding. Numerical modelling with elec-
tromagnetic models and mechanical models confirmed this
idea. Based on these analyses, we proposed an analytical
expression to estimate the maximum radial Lorentz force,
4FIG. 5. Calculated hoop strain after single reverse cycle with over-
shooting factors of 0, 10%, 20% and 30% with target operating cur-
rent of HTS coils at 150 A.
assisting future REBCO high-field magnet design. Finally,
we carried out numerical studies on the effect of filamentized
tapes and the method of current sweep reversal, which were
previously developed for reducing screening current induced
magnetic field. Both showed promising potentials in reducing
the influence of screening current effect on the mechnical
properties of REBCO magnets.
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